SUMMARY

8
In eukaryotic cells, each process, in which DNA is involved, should take place in the context 1 9 of chromatin structure. DNA double-strand breaks (DSBs) are one of the most deleterious factors to the DSBs. Among these PTMs, the phosphorylation of the histone variant H2AX at 2 5 its Ser139 residue (also known as γ H2AX) could be observed at the break sites. The structure 2 6 of γ H2AX focus has to be organized during the repair as it contributes to accessibility of specific repair proteins to the damaged site. Our aim was to develop a quantitative approach 2 8
to analyse the morphology of individual repair foci by super-resolution dSTORM microscopy 2 9
to gain insight into genome organization in DNA repair. We have established a specific spatial resolution and resolve a single DNA damage spot, which allow us to identify different 3 5 chromatin sub-clusters around the break site. Additionally, based on our new analysis method, we were able to show the number of nucleosomes in each sub-cluster that could allow us to increased following DSB induction 41, 42 . In addition, we demonstrated that the sizes of these 1 0 6
foci were extended under DSB formation and we could also provide a higher resolution of the 1 0 7
foci spatial organization using our new statistical approaches. This article preconcerts the 1 0 8
nano-scale organization of the repair foci, which could highlight the spatial localization of the 1 0 9
sub-domain structure and quantitative measurements of these repair centres. 
RESULTS
2
The experimental system and the determination of the parameters used in dSTORM
The typical size of a DNA repair focus is about half micron, just above the resolution limit of utilized. In such cases optical super-resolution microscopy is required to distinguish 1 1 7
individual foci and reveal their sub-structures containing 20-60 nm nano-foci 43 . In order to 1 1 8
prove this, we generated DNA DSBs by applying neocarzinostatin and 4-OHT treatment to 1 1 9
U2OS and DIvA cells, respectively 14, 40 . We quantified the DSB triggered sites with fluorophore-conjugated antibody. We generated traditional EPI fluorescent and high 1 2 2 resolution dSTORM images from nuclei of non-treated and treated cells (Fig 1 A vs B) . By following DSB induction. In higher magnification of individual foci, we could identify sub-
structures that we used in our quantitative analysis (Fig 1 C) . Spatial distribution of DSB foci within cells
In contrast to traditional optical microscope images, at which the separation of individual foci input parameters: a minimum number of points that forms a cluster (N core ) and the maximum 1 3 4 distance between two adjacent points (ε) 44 . For the elimination of non-specific labelling and
imprecise, out-of-focus localization, N core and ε were set to 8 and 50 nm during the efficiently reveal the DSB distribution pattern inside the nucleus, the cluster analysis module
was implemented into our rainSTORM localization software (for details see Methods).
4 1
The algorithm isolated and quantified each DSB focus based on their area and spatial nuclei, respectively. By using the algorithm, discrete DSB foci were analysed by quantifying indicated in grey (G, H and I) . The density function calculated for small (<5000 nm2) and large (>5000 nm2) clusters are also shown in blue and red, respectively. Comparative histograms of the area distribution of cluster sizes are presented for untreated (J) NCS treated same data show a similar distribution as the area distribution. 
MATERIALS AND METHODS
9 0
Trajectory fitting algorithms. The exposure time in localization microscopy is matched to frames. Trajectory fitting is an inbuilt algorithm in the rainSTORM localization software that which are closer to each other than a preliminary defined Acceptance Radius are assumed to
belong to the same fluorescence dye molecule. As a result, the code calculates the weighted
localization coordinates taking into consideration the captured photon numbers. Therefore, the
higher the localization precision, the higher the weight factor 58 . into ten equal parts (nine division points). In the next step, ten polygons were formed by the counted and the normalized area cluster density was calculated in each. analysis is performed for all sub-regions, the code saves the merged data. proportional to the bleach rate (k bl ):
where N 0 is the average number of switching cycles of the fluorophore. The two parameters 4 2 2 (k bl , N 0 ) were determined by fitting the theoretical curve to the measured data. labelled by 4 or 8 fluorophores, the overall probability was given as the linear combination of 4 3 0 the probabilities
where m 1 +m 2 =m gives the blinking number, and the ratio of a 1 and a 2 parameters can be Eagle Medium; Lonza) supplemented with 10 % foetal bovine serum (Lonza), 4 mM L-
Glutamine (Sigma-Aldrich) and 1 % antibiotic (Sigma-Aldrich).
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Both cell lines were grown under standard conditions. and incubated in cultured medium for 2 hours. containing an enzymatic oxygen scavenging system GluOx (2,000 U/ml glucose-oxidase
(Sigma-Aldrich), 40,000 U/ml catalase (Sigma-Aldrich), 25 mM potassium chloride (Sigma- We used a Nikon Eclipse Ti-E frame with a Nikon CFI Apochromat TIRF objective (NA 4 7 8
1.49, 100× magnification, oil immersion) for imaging. EPI-fluorescent illumination was
applied at excitation wavelength of 647 nm (2RU-VFL-P-300-647-B1, 300 mW, MPB In a three-state switching model, the time-dependent probability of m switching circles of a 4 9 1 single fluorescent dye molecule is [2016_Nieuwenhuizen]:
where parameters r and b depend on the k sw switching and k bl effective bleaching rates as r=k sw t and b=k bl /k sw .
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In practice, using immunohistochemical procedures, several fluorescence dye molecules label number of fluorescence dye molecules depends on the stoichiometry of the labelling.
Therefore, it is essential to determine the overall probability of m switching circles of N 4 9 8 independent dye molecules (P m N ). It can be given as the sum of probabilities of all the 4 9 9
possible cases when N molecules generate m switching circles:
where x 1 , x 2 , and x N mark the number of switching circles can be associated to the 1 st , 2 nd and 5 0 1 n th dye molecules, respectively.
0 2
As an example, let us assume that only 2 independent dye molecules label the target molecule
and provide m switching circles. In other words, the total number of switching circles is m but
we do not know how many switching circles belong to each dye molecules. If the first one
was detected x 1 time, the second one must be detected x 2 =m-x 1 times and the overall 5 0 6
probability can be given as the sum of all the possible cases (ܲ
In general, all the possible cases can be calculated and can be arranged in a matrix form. In
this representation the sum of elements of the m th minor diagonal gives the overall probability 5 0 9
of m switching circles generated by two dye molecules. It can be shown that after a critical
cluster size the larger that matrix (the larger the possible number of switching circles), the
smaller the sum of the minor diagonal elements (smaller the probability of the effective probability distribution of the switching circles. The method can be generalized further and the probability of m switching circles generated by
N molecules can be calculated.
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It is worth to note that the calculation can be simplified by dividing the N number of dye In this paper all the results and conclusions are based on the evaluation of 2D dSTORM 5 2 4 measurements. However, the DSB foci inside the nucleus have a 3D spatial distribution.
Therefore, the applicability of the used 2D data analysis requires a validation process. A test
sample simulator software (TestSTORM 63, 64 ) was used to generate the ground truth model
and comparative 2D and 3D evaluations were performed on the reconstructed super-resolved
images. Images were evaluated from the same aspect (number of clusters, mean number of 5 2 9
cluster elements etc.) as they were studied in the main text. parameters are depicted in Figure S1 , which shows the working GUI window of the
TestSTORM code. A tilted array pattern (lattice) was defined with the following parameters: Refractive index of the sample: n sample = 1.331
Axial range of the sample:
Axial steps between the adjacent rows: Z step = 50 nm
Distance between the elements (cluster) of the lattice: d = 400 nm
Number of elements in a single column and row: N cluster /Z plane = 41
Number of dye molecules per cluster: 8 dye molecules/cluster
Length of the linker: 7 nm focal length of 10 m was added to the optical system. Our simulation results prove that 2D and 3D imaging provides identical DOF ranges, i.e. localizations (see Figure S4 -a). The slightly reduced number of identified clusters in the 3D in contrast to the 2D one, and the simulations reveal a slight axial dependence in both cases. During the evaluation this axial dependence was neglected, and an average value was applied. Figure S4 . Number of isolated clusters (a) and the mean number of cluster elements as a function of the axial position 
